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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The fatigue crack initiation mechanisms prevalent in high strength martensitic steel grades, hot rolled plate duplex 
stainless steels, cold rolled strip duplex stainless steel and a super alloy grade were compared. The fatigue testing of 
all th  grades w s conduct d i  the VHCF regime using an ultras nic fatigue testing equipment operating at 20 kHz. 
Scanning electron microscope (SEM) observations of the fracture surfaces revealed the presence of a microstructure 
controlled initial growth of short fatigue cracks in all the tested grades. Fracture surfaces of the failed specimens of a 
high strength martensitic steel grade revealed the typical fine granular area (FGA) within the fish-eye area around 
the internal inclusions. Fatigue crack initiation in the cold rolled strip duplex stainless steel grade occurred at surface 
defects left over by the cold rolling process of this grade. However, the presence of FGA around the surface crack 
initiating def ct was observed similar to th  internal crack initiation  in the high strength martensitic steels. By 
mapping the FGA size development during VHCF loading, as obtained from fracture surfaces, FGA growth results 
were obtained. A similar study on hot rolled plate duplex stainless steel grades, 2304 SRG and LDX 2101, revealed 
the presence of an initial crystallographic growth region (CGR) in which crack growth direction is changed by 
microstructural barriers such as phase and grain boundaries. The early plastic fatigue damage accumulation occurred 
predominantly in one phase or at the austenite-ferrite phase boundaries. On the other hand, an initial transcrystalline 
fatigue crack growt  was observed in the Ni-based super alloy grade Inconel 718. 
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1. Introduction 
Fatigue fracture can occur due to cyclic loading of an engineering material/component beyond 107 load cycles 
and stress levels lower than the conventional fatigue limit which were deemed to be safe in the past. Fracture in the 
very high cycle fatigue (VHCF) life regime has drawn a lot of attention in recent years. The long fatigue crack 
growth makes up for a very small part of the VHCF life, but a large part is spent in fatigue crack initiation and early 
growth. Kazymyrovych et al. (2010) estimated that more than 90% of fatigue life is spent in fatigue crack initiation 
and early crack growth stages in VHCF. This fact makes the investigation of mechanisms of fatigue crack initiation 
and early crack growth worthwhile. 
 
Previous work done by Kunz et al. (2006), Stanzl-Tschegg et al. (2007, 2010) and Weidner et al. (2010) on pure 
metals, as on copper, in very high cycle fatigue regime showed that fatigue crack initiation occurred due to 
accumulation of plastic fatigue damage. This damage manifests itself in the form of persistent slip bands or 
extrusions and intrusions on the external surface of fatigued specimens. Multiple fatigue crack initiations occurred 
along these PSBs or the intrusions which coalesce together leading to final failure of the material. Wang et al. 
(2002), Marines et al. (2003) and Mayer (2009) have investigated the fatigue properties of a variety of engineering 
metallic materials in the VHCF regime. Sakai et al. (2002, 2009) found that fatigue crack initiation in high strength 
steels often occurred at internal defects, e.g. oxide inclusions with a fish eye type of fracture surface. Within the fish-
eye region, in the close vicinity of crack initiating inclusion, the fracture surface was observed to have a fine 
granular appearance referred to as fine granular area (FGA). It was proposed that crack initiation within the FGA 
occurred due to polygonization of the matrix followed by debonding resulting in crack initiation. Recently, Hong et 
al. (2015) observed that the fine granular layer was observed only when the fatigue testing of high strength steels 
was conducted under negative load ratios. However, the fine granular layer was not observed on the fracture surfaces 
of specimens fatigue tested under positive load ratios. Fine granular area (FGA) was referred to as optical dark area 
(ODA) by Murakami et al. (1999) or granular bright facet (GBF) by Shiozawa et al. (2006, 2009). Murakami et al. 
(1999) proposed the phenomenon of “hydrogen assisted crack growth” within the optical dark area. On the other 
hand, Shiozawa et al. (2006, 2009) proposed that the formation of rough area around crack initiating occurred 
inclusion due to decohesion of carbides around non-metallic inclusions and coalesce of small crack forming a major 
crack. However, different steels may have other distinctive features surrounding crack initiation sites on fracture 
surface and it implies different mechanisms. For instance, Chai et al. (2012) observed subsurface non-defect fatigue 
crack initiation in the matrix of dual phase steels due to inhomogeneous plastic deformation leading to plasticity 
exhaustion and stress concentration in one phase in the VHCF regime. Krupp et al. (2010, 2015) and Istomin et al. 
(2014) have reported the fatigue crack initiation at the surface of fatigue specimens of austentic-ferritic duplex 
stainless steels in VHCF regime due to the accumulation of cyclic plastic deformation being concentrated in one of 
the phases. 
 
In the present article results from analysis of fracture surfaces of fatigue specimens of different engineering alloys 
which failed in the VHCF regime are reported. A comparison between the characteristic features on fracture surfaces 
controlling the fatigue crack initiation and short crack growth in different engineering alloys with respect to their 
microstructural features will be presented. 
 
Nomenclature 
CGR Crystallographic Growth Region 
FGA  Fine Granular Area 
GBF  Granular Bright Facet 
LDX  Lean Duplex Stainless Steel 
SRG Suction Roll Grade 
VHCF Very High Cycle Fatigue  
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2. Materials 
The chemical compositions of the studied materials are listed in Table 1. The high strength martensitic (HSM) 
grade is a tool steel combining high strength and high toughness. It is commonly used in the hardened and tempered 
condition at hardness 52-58 HRC. It is fully martensitic following austenitization at 1025 °C and double tempering 
at 550 °C, and the prior austenite grain size is in the range 25-35 µm. 
 
The cold rolled duplex stainless steel consists of 40-60% austenite-ferrite microstructure, respectively. The 
average grain size of this grade is approximately in the range of 1-3 μm. The ultrasonic fatigue specimens were taken 
from the full thickness (1 mm) of the rolled material along the rolling direction. 
 
The hot rolled plate duplex stainless steel grades, 2304 SRG and LDX 2101, consist of a 51-49% austenitic-
ferritic microstructure, respectively. The 2304 SRG grade was annealed at 1020 ͦC followed by slow air cooling. The 
LDX 2101 grade was annealed at 1050 ͦC followed by slow air cooling. The 2304 SRG has a grain size in the range 
of 10-20 μm while the grain size of LDX 2101 grade is in the range of 30-40 μm. The specimens were drawn in the 
short transverse direction compared to the rolling direction of these grades. 
 
The super alloy grade Inconel 718 was tested in the forged and heat treated condition, i.e. solution treated 
followed by precipitation hardening. Thus, it typically consists of austenitic grains with Ni3Al precipitates.  
 
     Table 1. Chemical composition of the studied materials. 
Materials C 
(%) 
Si 
(%) 
Mn 
(%) 
P 
(%) 
S 
(%) 
Cr 
(%) 
Ni 
(%) 
Mo 
(%) 
N 
(%) 
Cu 
(%) 
V 
(%) 
Ti 
(%) 
Nb 
(%) 
Al 
(%) 
High Strenght Martensitic (HSM) 
steel 
0.5 0.2 0.25   4.5  3.0   0.5    
Cold rolled strip duplex stainless steel 0.01 0.31 0.76 0.01  25 7 4       
2304 SRG 0.02 0.8 1.45 0.02 0.02 22.7 4.65 0.30 0.09 0.2     
LDX 2101 0.03 0.7 5.00   21.5 1.50 0.30 0.22 0.2     
Inconel 718 0.04     19 51 3    1 5.2 0.6 
 
The high strength martensitic steel grade (HSM) was quenched and tempered to typical properties of 56 HRC, 
2150 MPa tensile strength and 8% elongation to fracture. The cold rolled duplex stainless steel grade is a high 
strength steel with the ultimate tensile strength of 1150 MPa and elongation to fracture of 10%. The mechanical 
properties of the studied grades are presented in Table 2. The mechanical properties of the two hot rolled plate 
duplex stainless steel grade, 2304 SRG and LDX 2101, are only slightly different where the proof strength and 
ultimate tensile strength of the LDX 2101 grade is slightly higher compared to the 2304 SRG grade. The Inconel 718 
grade is a high strength grade in particular with maintained strength at elevated temperatures.  
 
      Table 2. Mechanical properties of the studied materials. 
Materials 0.2% Proof 
strength (MPa) 
Tensile strength 
(MPa) 
Elongation 
A50 (%) 
Ferrite 
(%) 
Austenite 
(%) 
Martensite 
(%) 
High Strength Martensitic (HSM) steel 1750 2150 8   100 
Cold rolled duplex stainless steel 1030 1150 10 61 39  
2304 SRG 450 670 35 49 51  
LDX 2101 460 675 33 49 51  
Inconel 718, typical 1000-1110 1150-1350 10-15  100  
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3. Experimental method 
The studied grades were fatigue tested using ultrasonic fatigue testing equipment which operates at 20 kHz test 
frequency. In ultrasonic fatigue test equipment, the fatigue specimens are excited into to resonance at about 20 kHz 
loading frequency. Fatigue testing at such high frequency allows shorter testing times. The ultrasonic fatigue 
specimens are designed for each grade to possess the natural frequency of approximately 20 kHz. The design and 
dimensions of specimens for each grade may vary depending on the density and elastic properties (Young’s 
modulus, Poisson’s ratio) of the material and the different requirements of stress distribution in different specimens. 
 
The ultrasonic fatigue specimens of the high strength martensitic steel grade had an hourglass shape with the 
smallest cross-section having a diameter of 6 mm. The testing was conducted under tension-tension condition with 
the load ratio R = 0.1. The cold rolled strip duplex stainless steel grade specimens had flat geometry with the 
thickness of 1 mm and having an hourglass variation of their cross-section between the specimen heads. The 
smallest section of the flat strip specimens was 3 mm where the highest nominal stresses would be concentrated. 
The flat specimens were tested under fully reversed tension-compression condition with the load ratio R = -1. On the 
other hand, the fatigue specimens for the two hot rolled duplex stainless steel grades, 2304 SRG and LDX 2101, had 
similar cylindrical hourglass shaped geometry with the smallest cross-section of 3 mm diameter. The cylindrical 
fatigue specimens of hot rolled grades were also tested under fully reversed tension-compression condition with the 
load ratio R = -1. Similar to the hot rolled plate duplex stainless steel grades, the super alloy Inconel 718 fatigue 
specimens also had cylindrical hourglass shaped geometry where minimum diameter of specimen was 4 mm. The 
fatigue specimens were tested under the load ratio R = 0.8. 
 
   
a)       b) 
Fig. 1. HSM steel fracture surface,  a) overview showing initiation and fish-eye, b) FGA around an initiation defect, 9.4 108 cycles.  
4. Results 
4.1. High strength martensitic steel grades 
In the HSM grade all initiations occurred at internal defects, i.e. oxide inclusions and often at oxide stringers as 
the specimens were sampled in the transverse direction to forging. The fracture surfaces displayed the typical 
features of high strength martensitic steels, the fish-eye fracture. This type of failure consists of an internal defect 
acting as stress raiser and starting point, as shown in Figure 1a. Outside of the defect one can observe a fine granular 
area (FGA), Figure 1b which in a light optical microscope appears dark, and therefore it has often been named 
optical dark area (ODA). Outside of the FGA the fish-eye fatigue fracture region expands to a point where normal 
fatigue crack features are displayed up to the final fracture. The FGA is located around the initiating defect, and it 
may be concentrated at one of its sides or be more symmetric around the defect depending on the defect geometry 
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and the local stress state. Measurements of FGA sizes, defined as width excluding any defect size, on three different 
batches show the FGA to increase their size with increasing number of load cycles to failure. Already at 107 cycles 
the FGA is small, some µm, above 109 they have grown to 25 µm. Thus, the growth rate within the FGA is very 
small, around 10-15 m/cycle on average. 
 
 
Fig. 2. Collection of FGA sizes in the HSM steel displayed versus the number of load cycles to failure. 
 
4.2. Cold rolled strip duplex stainless steel grade 
Fatigue crack initiation in the cold rolled strip duplex stainless steel occurred invariably due to the surface defects 
irrespective of fatigue life length of all the tested specimens. These surface defects were left over by the cold rolling 
process of the 1 mm thick strip material which could not be completely removed by the polishing procedure. The 
dimensions of these surface defects were comparable or, in most cases, bigger than those of the spherical non-
metallic inclusions (~ 8 µm diameter) present in the material. A fine granular area (FGA) was observed around the 
crack initiating surface defects on the fracture surfaces of all the failed specimens. A typical example of the crack 
initiating defect together with the FGA on the fracture surface of the specimen fatigue tested at 420 MPa that failed 
after 3.51 x 107 load cycles is shown in Figure 3. Due to the cold rolling process of the strip material the grain size of 
the austenitic-ferritic microstructure is only 1 – 3 µm, yet the distinction of FGA around the initiating defect from 
the surrounding microstructure is quite clear on all the fractured specimens. Outside of the FGA, the distinct grain 
and/or phase boundaries could be easily identified compared to that within the FGA. Fatigue striations could be 
detected on the fracture region outside FGA all the way up to the final ductile failure region. Fatigue striations were 
more pronounced in some grains compared to the others where they could hardly be detected which gives an 
indication of different growth behavior in the two different crystallographic phases of this material. 
4.3. Hot rolled plate duplex stainless steel grades – LDX 2101 & 2304 SRG 
In the tested hot rolled duplex stainless steel grades, 2304 SRG and LDX 2101, fatigue crack initiation invariably 
occurred at the external surface of fractured specimens. Typical examples of the fatigue crack initiation origin of the 
LDX 2101 specimen fatigue tested at 270 MPa and the 2304 SRG specimen fatigue tested at 250 MPa are shown in 
Figure 4 a, b. Fatigue crack initiation occurred due to the inhomogeneous accumulation of plastic fatigue damage 
mainly in the form of extrusions in the ferrite grains only in the LDX 2101 or at austenite-ferrite phase boundaries 
for 2304 SRG grade, as shown in Figure 5 a, b. The region around the surface fatigue crack initiation sites was 
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process of the 1 mm thick strip material which could not be completely removed by the polishing procedure. The 
dimensions of these surface defects were comparable or, in most cases, bigger than those of the spherical non-
metallic inclusions (~ 8 µm diameter) present in the material. A fine granular area (FGA) was observed around the 
crack initiating surface defects on the fracture surfaces of all the failed specimens. A typical example of the crack 
initiating defect together with the FGA on the fracture surface of the specimen fatigue tested at 420 MPa that failed 
after 3.51 x 107 load cycles is shown in Figure 3. Due to the cold rolling process of the strip material the grain size of 
the austenitic-ferritic microstructure is only 1 – 3 µm, yet the distinction of FGA around the initiating defect from 
the surrounding microstructure is quite clear on all the fractured specimens. Outside of the FGA, the distinct grain 
and/or phase boundaries could be easily identified compared to that within the FGA. Fatigue striations could be 
detected on the fracture region outside FGA all the way up to the final ductile failure region. Fatigue striations were 
more pronounced in some grains compared to the others where they could hardly be detected which gives an 
indication of different growth behavior in the two different crystallographic phases of this material. 
4.3. Hot rolled plate duplex stainless steel grades – LDX 2101 & 2304 SRG 
In the tested hot rolled duplex stainless steel grades, 2304 SRG and LDX 2101, fatigue crack initiation invariably 
occurred at the external surface of fractured specimens. Typical examples of the fatigue crack initiation origin of the 
LDX 2101 specimen fatigue tested at 270 MPa and the 2304 SRG specimen fatigue tested at 250 MPa are shown in 
Figure 4 a, b. Fatigue crack initiation occurred due to the inhomogeneous accumulation of plastic fatigue damage 
mainly in the form of extrusions in the ferrite grains only in the LDX 2101 or at austenite-ferrite phase boundaries 
for 2304 SRG grade, as shown in Figure 5 a, b. The region around the surface fatigue crack initiation sites was 
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characterized by a faceted appearance called the crystallographic growth region (CGR). The typical faceted 
appearance of some grains in this region is due to the planar nature of crack growth within a single grain followed 
by kinking or branching at the microstructural barriers such as the phase and/or grain boundaries. Since the size of 
crack is small within the CGR, therefore, the growth of crack seems to occur on the favorable crystallographic 
planes in each grain and is hindered at grain and/or phase boundaries. The size (depth) of the CGR is greater for the 
specimens which failed after greater number of cycles compared to those with relatively lower fatigue life, as shown 
in Figure 6. The minimum size of the CGR that was detected on the failed specimen was approximately 40 µm and 
the maximum was approximately 400 µm. Outside the CGR, the crack growth becomes almost perpendicular to the 
loading direction without changing its direction at the phase or grain boundaries. The final failure takes place due to 
the tensile overload. Fatigue striations were detected in both the CGR and the region outside the CGR. 
 
 
 
Fig. 3. Fine granular area around the surface crack initiation sites of the cold rolled duplex stainless steel specimen, 3.51x107 cycles. 
 
 
   
a)      b) 
Fig. 4. CGR growth around the surface crack initiation site of a) LDX 2101, 2.47x109 cycles, b) 2304 SRG, 1.16x109 cycles. 
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a)      b) 
Fig. 5. Plastic fatigue damage accumulation on external surface of specimens of a) LDX 2101, , 2.47x109 cycles b) 2304 SRG 1.16x109 cycles. 
 
Fig. 6. Collection of CGR sizes in the duplex stainless steel and the Inconel 718 alloy displayed versus the number of load cycles to failure. 
 
4.4. Super alloy Inconel 718 
The study of the fatigue fracture surfaces of the Inconel 718 displayed an initiation crystallographic growth 
region (CGR) characterized by growth along favorable oriented slip planes. Initiation points were typically grain 
boundary triple points. At first appearance the crystallographic faceted surfaces looked quite smooth but a closer 
study showed a stepwise growth of the fatigue crack along the planes. Further away from the initiation point one 
could more easily distinguish striations but not continuous and still following the crystal planes. Out of the CGR a 
transgranular fatigue crack growth perpendicular to the applied load took place until the final failure region. 
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characterized by a faceted appearance called the crystallographic growth region (CGR). The typical faceted 
appearance of some grains in this region is due to the planar nature of crack growth within a single grain followed 
by kinking or branching at the microstructural barriers such as the phase and/or grain boundaries. Since the size of 
crack is small within the CGR, therefore, the growth of crack seems to occur on the favorable crystallographic 
planes in each grain and is hindered at grain and/or phase boundaries. The size (depth) of the CGR is greater for the 
specimens which failed after greater number of cycles compared to those with relatively lower fatigue life, as shown 
in Figure 6. The minimum size of the CGR that was detected on the failed specimen was approximately 40 µm and 
the maximum was approximately 400 µm. Outside the CGR, the crack growth becomes almost perpendicular to the 
loading direction without changing its direction at the phase or grain boundaries. The final failure takes place due to 
the tensile overload. Fatigue striations were detected in both the CGR and the region outside the CGR. 
 
 
 
Fig. 3. Fine granular area around the surface crack initiation sites of the cold rolled duplex stainless steel specimen, 3.51x107 cycles. 
 
 
   
a)      b) 
Fig. 4. CGR growth around the surface crack initiation site of a) LDX 2101, 2.47x109 cycles, b) 2304 SRG, 1.16x109 cycles. 
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Fig. 5. Plastic fatigue damage accumulation on external surface of specimens of a) LDX 2101, , 2.47x109 cycles b) 2304 SRG 1.16x109 cycles. 
 
Fig. 6. Collection of CGR sizes in the duplex stainless steel and the Inconel 718 alloy displayed versus the number of load cycles to failure. 
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The study of the fatigue fracture surfaces of the Inconel 718 displayed an initiation crystallographic growth 
region (CGR) characterized by growth along favorable oriented slip planes. Initiation points were typically grain 
boundary triple points. At first appearance the crystallographic faceted surfaces looked quite smooth but a closer 
study showed a stepwise growth of the fatigue crack along the planes. Further away from the initiation point one 
could more easily distinguish striations but not continuous and still following the crystal planes. Out of the CGR a 
transgranular fatigue crack growth perpendicular to the applied load took place until the final failure region. 
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a) b) 
Fig. 7. Inconel 718 fracture surface,  a) overview showing CGR, fatigue and final failure, and  b) CGR at initiation, 3.2 109 cycles. 
5. Discussion 
Crack initiation mechanisms in VHCF regime in different engineering alloys depend on their respective 
microstructure, mechanical properties and may also depend on the loading conditions such as load ratio. Whether 
crack initiation in VHCF regime takes place on surface or subsurface defects depends on the type of material, 
microstructure, mechanical properties, surface condition of tested specimens and competition between the size of 
surface and subsurface defects. The results in the present study on the four different engineering alloys show 
different mechanisms of fatigue crack initiation and short crack propagation. In the high strength martensitic steel 
and cold rolled strip duplex stainless steel, fatigue crack initiations occurred due to non-metallic inclusions and 
surface defects, respectively. In both the aforementioned grades, the presence of the FGA was observed. The 
presence of non-metallic inclusions which are detached from the matrix and surface defects gives rise to stress 
concentration. Different researchers have given several explanations for the generation of FGA around the crack 
initiating defects in high strength steels. According to Sakai et al. (2002, 2009) the matrix in the close vicinity of the 
inclusion undergoes intensive polygonization during long sequence of loading cycles. Fatigue crack initiation occurs 
due to debonding of the generated fine grained layer. Chai et al. (2015) gave an insight into the underlying 
fundamental mechanisms behind the generation of FGA in the cold rolled high strength martensitic stainless steel. 
Hong et al. (2015) gave, however, a different explanation for the generation of FGA as according to observations the 
presence of FGA was only noticed in the specimens tested in VHCF under negative load ratios and disappeared 
under positive load ratios. They concluded that the FGA was generated due to numerous cycles of fracture surfaces 
pressing against each other when tested under negative load ratios. However, this explanation might be true for the 
cold rolled strip duplex stainless steel grade tested in this study but not for the high strength martensitic steel which 
was tested under the load ratio R = 0.1.  
The size of FGA for the high strength martensitic, measured on the fracture surfaces of the failed specimens, was 
found to be larger for the specimens which failed after greater number of load cycles, as shown in Figure 8a. On the 
other hand, the size of FGA for the cold rolled strip duplex stainless steel grade is not only larger but also it more or 
less stays constant irrespective of the fatigue life length of the failed specimens. However, the total fatigue life is 
controlled by the crack initiation stage and the generation of FGA which has also been observed by Kazymyrovych 
et al.(2010) and Sakai et al. (2002, 2010). 
In the hot rolled plate duplex stainless steel grades, 2304 SRG and LDX 2101, the accumulation of plastic fatigue 
damage on the external surface of the fatigued specimens lead to fatigue crack initiation. Plastic fatigue damage 
mainly in the form of extrusions and intrusions was observed in the ferrite phase of the LDX 2101 grade as shown in 
Figure 5a. On the other hand, extrusions were observed at the austenite-ferrite phase boundaries. The difference in 
the damage accumulation between these grades could be explained by the difference in their nitrogen content. The 
higher content of nitrogen in the LDX 2101 grade means that the austenite phase is stronger, therefore, the plastic 
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fatigue damage is only concentrated in the more ductile ferrite phase. These observations are in correlation to the 
fatigue damage mechanisms observed by Strubbia et al. (2014) on similar duplex stainless steel grades. On the other 
hand, the lower content of nitrogen meant that the strength of both the phases was nearly the same and the plastic 
fatigue damage in the form of extrusions was found at the austenite-ferrite phase boundaries. Once the fatigue crack 
is initiated it seems to grow initially along the most favorable crystallographic planes within each grain and is 
hindered by the phase and grain boundaries. Fatigue crack growth outside of the CGR is almost perpendicular to the 
load direction and does not seem to be affected by the grain and phase boundaries. The CGR was observed to be 
larger for the specimens that failed after greater number of cycles as shown in Figure 8a. This suggests that the short 
fatigue crack growth was hindered by greater number of phase and grain boundaries for the specimens which failed 
after greater number of load cycles. 
 
 
  
a) b) 
Fig. 8. a) FGA and CGR size vs number of cycles to failure, and b) stress intensity range at FGA and CGR border vs number of cycles to failure. 
 
The other example of crystallographic growth in the initial phase, from Inconel 718, displays large crystal facets 
indicating a larger microstructure. The crystallographic growth mechanisms are evident from below 107 cycles to 
high up in the VHCF regime, above 109 cycles. This growth mechanisms correlates well with studies on long crack 
testing (SEN bend specimens tested at 10 Hz), Mercer et al. (1999), where the dependence of stress intensity range 
and R-ratio controlled the growth mechanisms. The present stress intensity ranges in the CGR are 4-10 MPa√m, and 
it is in the threshold region according to the results of Mercer et al. (1999).  
 
6. Conclusions 
Following are the conclusions that were drawn from the present experimental study: 
 
1. In the presently studied materials two different initial fatigue crack growth mechanisms stretching in the 
VHCF regime were responsible for generation of the crystallographic growth region and the fine 
granular area. 
2. Fatigue crack initiation origins were found to be of different natures; internal inclusions, surface defects, 
surface intrusions-extrusion and grain boundary triple points. Continued growth of the short cracks 
occurred in CGR or FGA depending on the microstructure of the studied materials. 
3. The fatigue life in the FGA or the CGR constitutes the major part of the total fatigue life of the studied 
materials. 
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a) b) 
Fig. 7. Inconel 718 fracture surface,  a) overview showing CGR, fatigue and final failure, and  b) CGR at initiation, 3.2 109 cycles. 
5. Discussion 
Crack initiation mechanisms in VHCF regime in different engineering alloys depend on their respective 
microstructure, mechanical properties and may also depend on the loading conditions such as load ratio. Whether 
crack initiation in VHCF regime takes place on surface or subsurface defects depends on the type of material, 
microstructure, mechanical properties, surface condition of tested specimens and competition between the size of 
surface and subsurface defects. The results in the present study on the four different engineering alloys show 
different mechanisms of fatigue crack initiation and short crack propagation. In the high strength martensitic steel 
and cold rolled strip duplex stainless steel, fatigue crack initiations occurred due to non-metallic inclusions and 
surface defects, respectively. In both the aforementioned grades, the presence of the FGA was observed. The 
presence of non-metallic inclusions which are detached from the matrix and surface defects gives rise to stress 
concentration. Different researchers have given several explanations for the generation of FGA around the crack 
initiating defects in high strength steels. According to Sakai et al. (2002, 2009) the matrix in the close vicinity of the 
inclusion undergoes intensive polygonization during long sequence of loading cycles. Fatigue crack initiation occurs 
due to debonding of the generated fine grained layer. Chai et al. (2015) gave an insight into the underlying 
fundamental mechanisms behind the generation of FGA in the cold rolled high strength martensitic stainless steel. 
Hong et al. (2015) gave, however, a different explanation for the generation of FGA as according to observations the 
presence of FGA was only noticed in the specimens tested in VHCF under negative load ratios and disappeared 
under positive load ratios. They concluded that the FGA was generated due to numerous cycles of fracture surfaces 
pressing against each other when tested under negative load ratios. However, this explanation might be true for the 
cold rolled strip duplex stainless steel grade tested in this study but not for the high strength martensitic steel which 
was tested under the load ratio R = 0.1.  
The size of FGA for the high strength martensitic, measured on the fracture surfaces of the failed specimens, was 
found to be larger for the specimens which failed after greater number of load cycles, as shown in Figure 8a. On the 
other hand, the size of FGA for the cold rolled strip duplex stainless steel grade is not only larger but also it more or 
less stays constant irrespective of the fatigue life length of the failed specimens. However, the total fatigue life is 
controlled by the crack initiation stage and the generation of FGA which has also been observed by Kazymyrovych 
et al.(2010) and Sakai et al. (2002, 2010). 
In the hot rolled plate duplex stainless steel grades, 2304 SRG and LDX 2101, the accumulation of plastic fatigue 
damage on the external surface of the fatigued specimens lead to fatigue crack initiation. Plastic fatigue damage 
mainly in the form of extrusions and intrusions was observed in the ferrite phase of the LDX 2101 grade as shown in 
Figure 5a. On the other hand, extrusions were observed at the austenite-ferrite phase boundaries. The difference in 
the damage accumulation between these grades could be explained by the difference in their nitrogen content. The 
higher content of nitrogen in the LDX 2101 grade means that the austenite phase is stronger, therefore, the plastic 
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fatigue damage is only concentrated in the more ductile ferrite phase. These observations are in correlation to the 
fatigue damage mechanisms observed by Strubbia et al. (2014) on similar duplex stainless steel grades. On the other 
hand, the lower content of nitrogen meant that the strength of both the phases was nearly the same and the plastic 
fatigue damage in the form of extrusions was found at the austenite-ferrite phase boundaries. Once the fatigue crack 
is initiated it seems to grow initially along the most favorable crystallographic planes within each grain and is 
hindered by the phase and grain boundaries. Fatigue crack growth outside of the CGR is almost perpendicular to the 
load direction and does not seem to be affected by the grain and phase boundaries. The CGR was observed to be 
larger for the specimens that failed after greater number of cycles as shown in Figure 8a. This suggests that the short 
fatigue crack growth was hindered by greater number of phase and grain boundaries for the specimens which failed 
after greater number of load cycles. 
 
 
  
a) b) 
Fig. 8. a) FGA and CGR size vs number of cycles to failure, and b) stress intensity range at FGA and CGR border vs number of cycles to failure. 
 
The other example of crystallographic growth in the initial phase, from Inconel 718, displays large crystal facets 
indicating a larger microstructure. The crystallographic growth mechanisms are evident from below 107 cycles to 
high up in the VHCF regime, above 109 cycles. This growth mechanisms correlates well with studies on long crack 
testing (SEN bend specimens tested at 10 Hz), Mercer et al. (1999), where the dependence of stress intensity range 
and R-ratio controlled the growth mechanisms. The present stress intensity ranges in the CGR are 4-10 MPa√m, and 
it is in the threshold region according to the results of Mercer et al. (1999).  
 
6. Conclusions 
Following are the conclusions that were drawn from the present experimental study: 
 
1. In the presently studied materials two different initial fatigue crack growth mechanisms stretching in the 
VHCF regime were responsible for generation of the crystallographic growth region and the fine 
granular area. 
2. Fatigue crack initiation origins were found to be of different natures; internal inclusions, surface defects, 
surface intrusions-extrusion and grain boundary triple points. Continued growth of the short cracks 
occurred in CGR or FGA depending on the microstructure of the studied materials. 
3. The fatigue life in the FGA or the CGR constitutes the major part of the total fatigue life of the studied 
materials. 
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4. The threshold value of stress intensity range at the border of FGA was lower than for CGR, 
approximately 2-4 MPa√m and 3-7 MPa√m, respectively. 
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